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ABSTRACT
We model the sample of fast radio bursts (FRB), including the newly discovered
CHIME repeaters, using the decelerating synchrotron blast wave model of Metzger,
Margalit & Sironi (2019), which built on earlier work by Lyubarsky (2014), Be-
loborodov (2017). This model postulates that FRBs are precursor radiation from
ultra-relativistic magnetized shocks generated as flare ejecta from a central engine col-
lides with an effectively stationary external medium. Downward drifting of the burst
frequency structure naturally arises from the deceleration of the blast-wave coupled
with the dependence of the maser spectral energy distribution, and induced Comp-
ton scattering depth, on the upstream medium. The data are consistent with FRBs
being produced by flares of energy Eflare ∼ 1043 − 1046( fξ/10−3)−4/5 erg, where fξ is
the maser efficiency, and minimum bulk Lorentz factors Γ ≈ 102 − 103, which generate
the observed FRBs at shock radii rsh ∼ 1012 − 1013 cm. We infer upstream densities
next(rsh) ∼ 102 − 104 cm−3 and radial profiles next ∝ r−k showing a range of slopes
k ≈ [−2, 1] (which are seen to evolve between bursts), both broadly consistent with
the upstream medium being the inner edge of an ion-loaded shell released by a recent
energetic flare. The burst timescales, energetics, rates, and external medium properties
are consistent with repeating FRBs arising from young, hyper-active flaring magne-
tars, but the methodology presented is generally applicable to any central engine which
injects energy impulsively into a dense magnetized medium. Several uncertainties and
variations of the model regarding the composition and magnetization of the upstream
medium, and the effects of the strong electric field of the FRB wave (strength pa-
rameter a  1) on the upstream medium and its scattering properties, are discussed.
One-dimensional particle-in-cell simulations of magnetized shocks into a pair plasma
are presented which demonstrate that high maser efficiency can be preserved, even
in the limit a  1 in which the FRB wave accelerates the upstream electrons to
ultra-relativistic speeds.
Key words: keyword1 – keyword2 – keyword3
1 INTRODUCTION
Fast radio bursts (FRB) are luminous pulses of radio emis-
sion lasting less than a few milliseconds with large disper-
sion measures (DM) suggestive of an extra-galactic origin
(Lorimer et al. 2007; Keane et al. 2012; Thornton et al. 2013;
Spitler et al. 2014; Ravi et al. 2015; Champion et al. 2016;
Petroff et al. 2016; Lawrence et al. 2017; Shannon et al.
2018). The observed short timescale sub-structure in FRB
light curves, down to at least tens of microseconds (Michilli
et al. 2018), point to their central engines being stellar-mass
? NASA Einstein Fellow
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compact objects such as pulsars (Cordes & Wasserman 2016;
Mun˜oz et al. 2019) or magnetars (e.g. Popov & Postnov
2013; Lyubarsky 2014; Kulkarni et al. 2015), especially at
particularly active stages in their lives (Metzger et al. 2017;
Beloborodov 2017).
The first confirmed cosmological burster was the repeat-
ing source FRB 121102 (Spitler et al. 2014, 2016; Scholz
et al. 2016; Law et al. 2017) and its localization (Chatter-
jee et al. 2017) to a dwarf star-forming galaxy (Tendulkar
et al. 2017). FRB 121102 is spatially coincident with a com-
pact unresolved (< 0.7 pc) luminous persistent synchrotron
radio source (Chatterjee et al. 2017; Marcote et al. 2017).
The bursts also possess an enormous rotation measure, RM
∼ 105 rad m−2 (Michilli et al. 2018). The persistent emission
© 2019 The Authors
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and high-RM likely originate from the same medium, show-
ing that the FRB source is embedded in a dense magnetized
plasma (e.g. Michilli et al. 2018; Vedantham & Ravi 2019;
Gruzinov & Levin 2019). While this environment could be
unrelated to the bursting source itself (for instance, a flar-
ing magnetar that just happens to reside close to an AGN;
Eatough et al. 2013), it could instead be a compact tran-
sient nebula of hot plasma and magnetic fields powered by
the FRB central engine (Murase et al. 2016; Metzger et al.
2017; Beloborodov 2017; Waxman 2017).
The CHIME survey recently reported the discovery of
nine new repeating FRBs (CHIME/FRB Collaboration et al.
2019b; Andersen et al. 2019). These repeaters span a wide
range of DM ∼ 104 − 1281 pc cm−3, including one burster
with a low DM value (below the inferred Galactic maximum
along the line of sight) and RM ' −114.6 rad m−2. All but
one of the CHIME repeaters also exhibit a downward drift
in the frequency structure of sub-bursts over the course of
the burst duration, intriguing behavior remarkably similar
to that first observed in FRB 121102 (Gajjar et al. 2018;
Hessels et al. 2019).
Despite extensive monitoring, most FRBs have been ob-
served to burst only once (e.g. Petroff et al. 2015). However,
because of selection effects and uncertainty about how rep-
resentative the properties of FRB 121102 are of repeaters
in general, it remains an open question whether the appar-
ently non-repeating class form a physically distinct popula-
tion (e.g. Caleb et al. 2018; James 2019). The burst arrival
times from FRB 121102 are non-Poissonian and clustered
(e.g. Spitler et al. 2014, 2016; Oppermann et al. 2018a; Katz
2018a; Li et al. 2019), with extended “dark” phases of lit-
tle or no apparent FRB activity (e.g. Price et al. 2018).
Two additional bursts were recently detected from one of
the brightest ASKAP bursts, FRB 171019 (Kumar et al.
2019), showing that at least some in this population can
repeat. Lu & Piro (2019) argue that the DM distribution
of the ASKAP sample is consistent with a burst luminos-
ity function matching that of repeating FRBs. Furthermore,
the DM distribution of the CHIME repeating FRB sample
is statistically indistinguishable from those which have not
yet been observed to repeat (Andersen et al. 2019). On the
other hand, the widths of FRB 121012’s bursts (Scholz et al.
2016) and the CHIME repeaters (Andersen et al. 2019) may
be systematically longer than those of the non-repeating,
single-component FRBs.
Distinct classes of FRBs would be expected to mani-
fest through the demographics of their host galaxies. While
host associations have not yet been reported for the CHIME
FRBs, two of the published ASKAP bursts have been well-
localized, FRB 180924 (Bannister et al. 2019) and FRB
181112 (Prochaska et al. 2019). The host galaxies of both
bursts appear to be more massive than the dwarf host of
FRB 121102. The Deep Synoptic Array ten-antenna pro-
totype (DSA-10) also recently localized an FRB to a few
arcsecond region, consistent with the position of a massive
galaxy at z = 0.66 (Ravi et al. 2019). Despite growing evi-
dence for a diversity of large-scale environments, it still re-
mains possible that most FRBs occur in regions of active
star formation.
The enormous brightness temperatures & 1037 K of
FRBs demand a coherent emission process (e.g. Katz 2016;
Lyutikov 2019). A number of models explored in the litera-
ture postulate FRB emission to take place in the magneto-
sphere of a neutron star, e.g. through the curvature emission
mechanism (e.g. Cordes & Wasserman 2016; Kumar et al.
2017; Katz 2018b; Lu & Kumar 2018; Wadiasingh & Timo-
khin 2019; Wadiasingh et al. 2019; Lyutikov 2019).
Here we instead continue our focus on a model in which
FRB emission is generated on much larger spatial scales
from the central engine, by the maser synchrotron process
(e.g. Hoshino & Arons 1991; Long & Peer 2018) in an ultra-
relativistic shock moving towards the observer into a mag-
netized medium (Lyubarsky 2014; Beloborodov 2017; Plot-
nikov & Sironi 2019). Larmor rotation of charges entering
the shock and gyrating around the ordered magnetic field
creates the necessary population inversion in the form of
an unstable ring-like particle distribution function, which
relaxes by transferring energy into an outwardly propagat-
ing coherent electromagnetic wave (e.g. Gallant et al. 1992;
Hoshino et al. 1992; Amato & Arons 2006; Hoshino 2008;
Sironi & Spitkovsky 2009, 2011; Iwamoto et al. 2017, 2018;
Plotnikov & Sironi 2019).
The synchrotron maser can naturally account for the
high measured linear polarization of some FRBs (Ravi et al.
2016; Petroff et al. 2017; Caleb et al. 2018), which for FRB
121102 is nearly 100% (Michilli et al. 2018; Gajjar et al.
2018) and is also high for at least one of the CHIME re-
peaters (Andersen et al. 2019).1 Particle-in-cell (PIC) sim-
ulations show that a large-amplitude linearly polarized X-
mode wave (the nascent FRB) is created at the shock front
by the synchrotron maser instability and propagates into the
upstream medium (e.g. Gallant et al. 1992).
Another favorable aspect of the maser is its poten-
tially high efficiency, fξ , for converting the kinetic energy
of the flare into coherent electromagnetic radiation. One-
dimensional PIC simulations of shocks propagating into an
electron/positron pair plasma find a maximum efficiency
of up to several percent for an upstream magnetization2
σ ∼ 0.1, which decreases as fξ ∝ σ−2 for σ  1 (Plot-
nikov & Sironi 2019). The efficiency is lower in the physical
case of higher dimensions (Sironi & Spitkovsky 2009), but
only by a factor of . 10 for σ . 1 (Iwamoto et al. 2017,
2018) and less at high magnetization σ & 1 (Plotnikov &
Sironi 2019; Sironi et al, in prep). The efficiency is less un-
derstood when the upstream medium possesses an electron-
proton or electron-positron-proton composition; current PIC
simulations in these cases are mostly limited to 1D setups
(Hoshino et al. 1992; Amato & Arons 2006; Hoshino 2008;
Stockem et al. 2012; but see Iwamoto et al. 2019 for 2D
simulations) which have not convincingly reached a steady
state in the precursor FRB emission. Another issue of po-
tential importance is the back-reaction of the precursor wave
electric field on the upstream plasma, which in the limit of
a strong wave is expected to accelerate the upstream elec-
1 Some FRBs show no detectable linear polarization. However,
this may be the result of propagation effects in a local magnetized
medium, such as Faraday rotation (which cannot be subtracted
off without sufficient spectral resolution; Michilli et al. 2018) or
Faraday conversion into circularly polarized emission (Vedantham
& Ravi 2019; Gruzinov & Levin 2019).
2 Here the magnetization is defined as the ratio of the incoming
upstream Poynting flux to the kinetic energy flux.
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trons to ultra-relativistic speeds before they enter the shock
(e.g. Lyubarsky 2006, 2019).
If the central engine is a flaring magnetar, a relativis-
tic blast wave may be generated by the transient release
of energy from the magnetosphere during the initial stage
of a flare, which then transforms into an outgoing σ  1
pulse that collides and shocks the surrounding environment,
generating the FRB on much larger radial scales (Lyubarsky
2014; Beloborodov 2017). The properties of a given burst are
then a function of both the engine output (flare duration,
energy) and the surrounding medium (density, composition,
magnetization).
Clues to the large-scale environment surrounding the
engine are provided by the RM and persistent source flux.
Margalit & Metzger (2018) show that a single expanding
and continuously-energized magnetized ion-electron nebula
embedded within a decades old supernova remnant is con-
sistent with all of the properties of the persistent source
of FRB 121102 (size, flux, self-absorption constraints) and
the large but decreasing RM (see also Margalit et al. 2018).
The high time-averaged baryon flux into the nebula needed
to explain the persistent source and RM of FRB 121102
contrasts with the much “cleaner” but short-lived . 1 ms
ultra-relativistic ejection events needed to power FRBs
themselves. This suggests a picture, first proposed by Be-
loborodov (2017), in which the bulk of the ejected mass
emerges from the central engine after major flares, and then
subsequently serves as the upstream medium into which the
next flare collides to produce the FRB.
Informed by the spectral energy distribution (SED) of
the shock precursor predicted by PIC simulations, Metzger,
Margalit & Sironi (2019, hereafter MMS19) calculated the
time-dependent synchrotron maser emission from a deceler-
ating ultra-relativistic blast wave propagating into a slowly-
expanding upstream medium. Given an average ion injec-
tion rate ∼ 1020−1021 g s−1 and intervals between major ion
ejection events ∼ 1 d similar to the occurrence rate of the
most powerful bursts from FRB 121102 and consistent with
the statistics of the CHIME repeaters, they demonstrated
the production of ∼GHz bursts with isotropic radiated en-
ergies ∼ 1037 − 1040 erg and durations ∼ 0.1− 10 ms for flare
energies ∼ 1043 − 1045 ergs. They further showed how the
deceleration of the blast wave, and increasing transparency
of the upstream medium to induced Compton scattering,
naturally generates temporal decay of the observed burst
frequency, similar to the observed downward frequency drift
of FRB sub-pulses (Gajjar et al. 2018; Hessels et al. 2019;
CHIME/FRB Collaboration et al. 2019b; Andersen et al.
2019).
Motivated by recent discoveries by CHIME, here we
bring the MMS19 model to bear on the newly expanded
FRB sample. Our goals are both to check the assumptions
of the decelerating blast-wave scenario and, given success in
this regard, to draw inferences about a population of FRB
central engines. Although a magnetar engine is appealing
for many reasons, there may be alternative proposed mod-
els that postulate the impulsive injection of energy into a
dense and potentially magnetized external environment. We
therefore attempt to keep our modeling independent of the
specifics of the engine, returning to this issue in the discus-
sion.
In §2 we summarize the key results of MMS19 and ap-
ply them to the new repeater sample to derive properties
of the FRB-producing shocks and the upstream medium. In
§3.1 we describe uncertainties of the model, which we par-
tially address by presenting the results of PIC simulations of
synchrotron maser emission from magnetized shocks in the
strong-wave limit a  1. We then apply our results from §2
to draw inferences about the nature of the FRB central en-
gines (§3.2) and the upstream medium (§3.3). Beloborodov
(2019) recently criticized aspects of the MMS19 model, par-
ticularly regarding the assumption of the upstream medium
being a slowly-expanding ion shell and our treatment of in-
duced Compton scattering in the a  1 limit. Beloborodov
(2017) and Beloborodov (2019) instead advocate that the
upstream medium into which the magnetic flares collide is
an ultra-relativistic rotationally-powered component of the
magnetar wind between flares. We address these concerns in
§3.1 and provide an explicit comparison between our models
in §3.4.
2 FRBS FROM DECELERATING
BLAST-WAVES
MMS19 consider the general scenario of maser emission from
a decelerating ultra-relativistic blast wave, created by the
impulsive injection of flare energy Eflare of duration δt into
a slowly expanding (effectively stationary) external medium
with a power-law radial density profile next ∝ r−k and mag-
netization σ . 1. Here, we review these predictions and ap-
ply them to the recently expanded sample of repeating and
(thus far) non-repeating FRB sources. A secondary goal of
this section is to provide an easy-to-use template for apply-
ing the model to future expanded FRB samples.
2.1 Downward Drifting Frequency
We begin with the downward frequency drifting of the burst
sub-pulses seen in FRB 121102 (Hessels et al. 2019) and
the CHIME repeaters (Andersen et al. 2019). For an up-
stream medium of moderate magnetization σ . 1, the SED
of the synchrotron maser peaks in the comoving post-shock
frame at the frequency ν′pk ≈ 3νp, where νp is the plasma fre-
quency of the upstream medium, with power extending to
frequencies  νp and detailed structures due to overlapping
line-like features produced by a large number of resonances
(Plotnikov & Sironi 2019). Sub-structure is also imprinted
in the SED when the upstream electrons have a finite tem-
perature, which tends to suppress the high frequency har-
monics (Babul & Sironi, in prep). These spectral features
are at least qualitatively consistent with the observed com-
plex, and sometimes narrow-band SEDs, of observed FRBs
(e.g. Ravi et al. 2016; Law et al. 2017; Macquart et al. 2019).
The peak frequency as seen by an observer ahead of the
shock is higher than the rest-frame ν′pk by a factor Γ  1,
where Γ is the bulk Lorentz factor of the shocked gas. The
shock decelerates as it sweeps up mass, such that Γ decreases
in time. Combined with the evolution of ν′pk ∝ n
1/2
ext ∝ r−k/2,
this causes the SED to drift downwards in frequency. In
such a picture, sub-pulses observed within a given burst can
be interpreted as either (1) distinct, shortly-spaced flares
which produce a series of individual shocks; or (2) a single
MNRAS 000, 1–19 (2019)
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shock which generates individual peaks due to complex sub-
structure (e.g. emission harmonics) in the maser SED as it
drifts downwards across the observing band.3
In addition to the intrinsic evolution of the SED as the
shock propagates outwards, the observed radio flux can be
attenuated by inelastic, induced Compton scattering (ICS)
of electrons or positrons in the upstream gas (Lyubarsky
2008). This generates a cut-off in the observed SED below a
critical frequency at which the effective optical depth to the
induced down-scattering obeys τICS & 1. For characteristic
parameters, MMS19 found that τICS  1 near νpk, in which
case the external observer only observes emission at frequen-
cies well above νpk, at the frequency νmax  νpk defined by
the condition τICS(νmax) ≈ 1. The downward drift in the ob-
served emission is then controlled by both the evolution of
νpk and of the condition τICS ∼ 1. The derivation of these
results is summarized in Appendix A.
The standard treatment of ICS assumes that the up-
stream electrons are subject to weak driving by the electric
field E of the FRB wave, i.e. that the wave-strength (“wig-
gler”) parameter
a ≡ eE
2pimecν
(1)
obeys a  1. As described in Appendix B, our best fit models
to the CHIME repeaters imply shocks for which a  1, ren-
dering this assumption invalid. At least for an e−/e+ plasma,
large driving a  1 causes the center of mass motion of the
upstream pairs to acquire a high Lorentz factors Γe ∼ a away
from the shock in the frame of the central engine. However,
once boosting into the co-moving frame of the upstream
pairs and accounting for the suppression of the ICS scat-
tering rate ∝ 1/a3 in the a  1 limit (as found recently by
Lyubarsky 2019), the standard expressions for the ICS op-
tical depth as treated in MMS19 assuming a stationary up-
stream remains unchanged at the order-of-magnitude level
(Appendix C).
Given an intrinsic burst duration ∼ t at frequency ν and
a measured drift rate Ûν ≡ | − dν/dt |,the power-law index of
the decay ν ∝ t−β can be estimated as
β ≈ Ûνt
ν
= 0.05
( Ûν
20 MHz ms−1
)
ν−1600MHzt−3, (2)
where in the second line we have normalized ν to the center
of the CHIME FRB bandpass at 600 MHz, and t = t−3 ms.
Inverting eqs. (45,46) of MMS19, we can relate the measured
value of β to the power-lax index of the medium next ∝ r−k
according to (eq. A15)
k =
t&δt
{ 32β−3
8β , β <
1
16 ↔ k < −2
32β−7
8β+2 , β >
1
16 ↔ k > −2
. (3)
The break in the relationship at β = 1/16 (k = −2) results
because for large k the ICS optical depth is dominated by
gas on radial scales just outside the shock radius, while for
3 Drifting behavior can also be imprinted by plasma lensing ef-
fects during the propagation to Earth (e.g. Cordes et al. 2017;
Main et al. 2018) rather than being an intrinsic property of the
bursts. However, such a scenario predicts both downward and
upward frequency drifting, in conflict with the always downward
drifting seen thus far in FRB 121102 and the CHIME repeaters.
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Figure 1. Schematic ambient radial density profile next(r) and
its power-law slope, k. Motivated by modeling of FRB 121102
and the radio afterglow of the giant flare from SGR1806-20, we
postulate that the most powerful flares from the central engine
(separated by time intervals ∆T ∼ d) are accompanied by a mildly-
relativistic ion-loaded ejecta shell extending to radii Rb = vw∆T ∼
1014 − 1015 cm. At the inner edge of the shell the density profile is
rising such that k < 0, consistent with our inferences from the drift
rate of some bursts (Fig. 2). On large scales r  Rb the “train”
of flares ultimately merge into a quasi-steady outflow which may
feed a persistent synchrotron nebula. Between magnetic flares in
the case of a magnetar engine, a rotationally-powered wind may
inflate a wind bubble behind the baryon shell of radius Rn  Rb
(Appendix D).
small k the optical depth is dominated by the medium on
large radial scales well ahead of the shock.
In general, the mapping k(β) will depend on whether
the duration of the observed burst ∼ t is greater or less than
the intrinsic duration of central engine activity, δt. Equation
(3), and other equations in the main text hereafter, are de-
rived under the assumption t & δt. This is likely to be the
relevant regime for a magnetar engine because the observed
burst durations ∼ 1 − 10 ms exceed the smaller flare dura-
tion δt ∼ 0.1 ms (e.g. as set by the Alfve´n crossing time of
a neutron star magnetosphere). However, it may not be the
appropriate limit for other engine models; see Appendix A
for further details and generalization of eq. 3 to the t < δt
regime.
Figure 2 shows the values of k and β derived for all
repeating FRBs with currently reported drift rates, shown
separately assuming t & δt and t . δt. Across a wide range of
sources, and for one specific source (FRB 121102) observed
over a wide range in frequency and energy (∼ 0.6 − 6 GHz,
∼ 1037 − 1039 erg), we find values of β ∼ 0.05 − 0.5. These
imply k ∈ [−2, 1], most of which are in the range of validity
of the equations used in MMS19 to derive this result. In
particular for k & kmax = 4, the Blandford-McKee solution
for blast-wave deceleration used in our analysis is no longer
valid (e.g. Blandford & McKee 1976; Best & Sari 2000).4
Also note that for k < −2/7 ' −0.3 in the t . δt case one
predicts β < 0, i.e. a positive frequency evolution (a “chirp”
instead of a “sad trombone”).
The values of k that we infer are typically shallower
than expected if the upstream medium were that of a steady
wind with next ∝ r−2 (k = 2), consistent with previous argu-
4 Though see Coughlin (2019) who find evidence supporting va-
lidity only up to a shallower value, kmax = 18/7 ' 2.57.
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Figure 2. Frequency drift rates for the CHIME repeaters (S1-S8;
Andersen et al. 2019) along with the previously reported CHIME
repeater (R2; CHIME/FRB Collaboration et al. 2019b) and the
original repeater R1 (FRB 121102) as detected by CHIME (CH;
Josephy et al. 2019) and at higher frequencies by Arecibo Ob-
servatory, Green Bank Telescope and the high frequency Break-
through Listen receiver at Green Bank Observatory (AO, GB,
and GB-BL respectively; Gajjar et al. 2018; Hessels et al. 2019).
The right-hand vertical axis shows the values of β obtained from
CHIME repeaters using equation (2) while the right-hand axis
shows the density index k (such that next ∝ r−k ) derived from
the MMS19 model (eq. 3). Results are shown separately for cases
when the observed burst duration, t, is less than (top panel) or
greater than (bottom panel) the intrinsic duration of the central
engine activity, δt.
ments against a wind medium put forward in MMS19. The
flatter (k ≈ 0 − 1) or rising (k < 0) profiles are instead con-
sistent with the ultra-relativistic flare ejecta colliding with
the back end of a shell of material released by the previous
flare, which has not yet had a chance to become part of a
steady flow generated by the accumulation of flares. Such an
interpretation is also consistent with the fact that β is ob-
served to vary between bursts from the same repeater. The
latter behavior would be unsurprising if the density profile
of the upstream shell were to evolve by the time of the next
flare. Figure 1 shows schematically how the external density
profile and that of its power-law index k might appear in
such a scenario.
2.2 Properties of the Flares and External Medium
Using the observed duration t, fluence Sν , and frequency
ν as reported for each burst, we again follow the MMS19
formalism to solve for the energy and Lorentz factor of the
relativistic flare (Eflare, Γ) which gives rise to each burst, as
well as the value of the external density next into which the
flare collides as it dissipates its energy.
Assuming an intrinsic maser SED of shape νLν ∝ ν−1
at frequencies ν > νpk ≈ 3Γνp (Plotnikov & Sironi 2019), we
find (Appendix A)
Eflare ≈ 2.5 × 1044 erg
(
m∗
me
)2/5 ( fe
0.5
)−1/5
f −4/5
ξ,−3 ν
1/5
600MHzδt
1/5
−3 ε40,
(4)
where fξ,−3 is the efficiency of the maser normalized to a
characteristic value 10−3 for a cold upstream medium with
σ ≈ 1 (Plotnikov & Sironi 2019) and
ε ≡ 4piνSνD2 (5)
is the isotropic burst energy normalized to 1040 erg for a
source at luminosity distance D. The above expression in-
cludes a scaling for the mass m∗ of the particle entering
the plasma frequency νp; when the upstream medium is
a pair plasma we expect m∗ = me, but for an electron-ion
plasma the SED could in principle peak lower closer to the
ion plasma frequency (due to efficient transfer of energy
from ions to electrons ahead of the shock), in which case
m∗/me = mp/me = 1836 for proton composition. We have
also defined the ratio fe ≡ ne/next of electron density to the
ion density in the upstream medium; values of fe ' 0.5−1 are
expected if the upstream composition is purely electron-ion
(MMS19), but in general fe  1 if the immediate upstream
contains e−/e+ pairs (for instance due to a contribution to
the upstream medium from the rotationally-powered wind;
e.g. Beloborodov 2019; see Sect. 3). The expressions pre-
sented in this section are only valid for fe . mp/me ≈ 103,
since we assume the swept up ion rest mass dominates the
dynamics of blast wave deceleration (though this could eas-
ily be generalized).
In converting the observed fluence to an energy scale,
we require information on the source distances, which ex-
cept in the case of FRB 121102 (Tendulkar et al. 2017)
and the recently localized FRB 180924 and FRB 190523
(Bannister et al. 2019; Ravi et al. 2019) are not yet known
or published. In the following analysis, we estimate the
luminosity distance to each source using an approximate
redshift-DM relation for the inter-galactic medium, z ≈
DME/900 pc cm−3 (Zhang 2018), where DME = DM −DMMW
is the extra-Galactic component of the dispersion measure.
However, note that significant variation in this mean rela-
tion is expected along different lines of sight (McQuinn 2014;
Prochaska & Zheng 2019). We adopt DMMW = 200 pc cm−3
and 80 pc cm−3 for sources S1 and S2, respectively (Andersen
et al. 2019), DMMW = 120 pc cm−3 for R2 (CHIME/FRB Col-
laboration et al. 2019b), and conservatively take DMMW =
0 pc cm−3 for S3–S8 for which no Galactic DM estimate could
be found. For FRB 121102 we use the known redshift and
luminosity distance, z ' 0.193 and D ' 972 Mpc (Tendulkar
et al. 2017). Since our distance estimate neglects any DM
contributions in the local source vicinity or host galaxy (and
for S3-S8 even further neglects any Galactic DM), it should
be interpreted as a loose upper-limit on the true source dis-
tances. The scaling of inferred source properties with D is
easily given by re-scaling ε ∝ D2 in each equation, as indi-
cated explicitly in equation (A9) and Fig. 3.
The bulk Lorentz factor of the shocked gas behind the
blast-wave at the epoch of FRB emission can be written as
Γ ≈ 324
(
m∗
me
)1/30 ( fe
0.5
)1/15
f −1/15
ξ,−3 ν
−7/30
600MHzt
−2/5
−3 ε
1/6
40 . (6)
From equation (6), the shock radius at the emission epoch
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of the observed FRB is given by
rsh ' 2Γ2ct ≈ 6 × 1012 cm
(
m∗
me
)1/15 ( fe
0.5
)2/15
(7)
× f −2/15
ξ,−3 ν
−7/15
600MHzt
1/5
−3 ε
1/3
40 .
Finally, the density of the external medium at rsh is given
by
next(rsh) ≈ 248 cm−3
(
m∗
me
)2/15 ( fe
0.5
)−11/15
(8)
× f −4/15
ξ,−3 ν
31/30
600MHzt
2/5
−3 ε
−1/3
40
We neglect redshift effects on the observed burst frequency
and duration since the DM-inferred source redshifts are only
loose upper limits. Equation (A9) provides the scaling with
redshift of the derived quantities, which show these are only
minor corrections. Equation (9) can also be re-expressed in
terms of the upstream electron (positron) density,
ne(rsh) = fenext(rsh) (9)
≈ 124 cm−3
(
m∗
me
)2/15 ( fe
0.5
)4/15
f −4/15
ξ,−3 ν
31/30
600MHzt
2/5
−3 ε
−1/3
40 .
Figure 3 shows the values of Γ, rsh, and next(rsh) as a
function of Eflare for all the bursts from our repeating sam-
ple, under the fiducial assumptions fξ = 10−3, m∗ = me, and
fe = 0.5. Shown for comparison with green points are the
same results for the (apparently) non-repeating FRBs with
host galaxy candidates identified by ASKAP and DSA-10
(Bannister et al. 2019; Ravi et al. 2019; Prochaska et al.
2019; H. Cho et al. in prep), while grey points show the other
published non-repeating CHIME FRBs without host galaxy
candidates (CHIME/FRB Collaboration et al. 2019a). The
flare energies we derive range from ∼ 1043 − 1046 erg, de-
pending roughly inversely on efficiency fξ . Our results are
relatively insensitive to the values of fe and m∗, with the
exception of next ∝ f −11/15e which could be significantly re-
duced by an upstream medium heavily loaded in e−/e+ pairs
( fe  1; although even in this case, the electron/positron
density ne ∝ f 4/15e is only mildly affected).
The values of the Lorentz factors that we infer, Γ ∼
102 − 103, are actually lower limits on the initial Lorentz
factors of the flare ejecta, since in general the blast-wave
will have decelerated from its initial speed by the time the
FRB enters the instrumental bandpass. Also worth noting
is that the shock radii we infer, rsh ∼ 1012 − 1013 cm, are
safely smaller than the mean radii Rb ≈ vw∆T ∼ 1014 − 1015
cm of a baryon ejecta shell expanding at vw . c released
from a previous major flare each interval ∆T ∼ 104 − 105
s (the rare, powerful flares MMS19 hypothesize create the
upstream medium; Fig. 1).
The inferred upstream densities can also be compared
to those needed on radial scales ∼ Rb to generate a given
baryon mass injection rate ÛM into the engine environment
on large scales,
ÛM ∼
mpnshR3b
∆T
≈ 6 × 1020g s−1
(
nsh
104 cm−3
) (
∆T
105s
)2 ( vw
0.5c
)3
.
(10)
The values nsh ∼ 103 − 104 cm−3 we infer for the repeating
FRB sample imply values ÛM ∼ 1020 − 1021 g s−1, compati-
ble with the mass injection rate Margalit & Metzger (2018)
found was needed to explain the persistent synchrotron flux
and RM of FRB 1211012 as being generated in a flare-
powered nebula.
As a final consistency check, the upstream densities and
shock radii can be converted into minimum DM contribu-
tions to the FRB emission, DMext ≈ fenextrsh. These values
are typically ∼ 10−4 − 10−2 pc cm−3, orders of magnitude
smaller than the total burst DM. However, if a medium of
similar or greater density (as supported by our inference
of k ≤ 0; Fig. 2) were to persist to the much larger radii
Rb & 100rsh of the hypothesized ion shell, then the shell’s
total DM contribution would be larger by at least a couple
orders of magnitude. Evolution of the gas column through
the expanding ion shell(s) could then result in measurable
stochastic variations in the DM on timescales ∆T ∼ days
between major flares (MMS19).
Efficient synchrotron maser emission requires the elec-
trons in the upstream medium to be “cold”, i.e. if their
velocities are isotropically distributed that they possess a
sub-relativistic temperature kT  mec2 (Babul & Sironi,
in prep). However, even an initially cold upstream will be
heated by the passage of the FRB-generating shock, raising
the temperature of the medium into which the next flare
would collide. This might act to suppress FRB emission af-
ter a given burst on timescales shorter than the dynamical
time, tdyn ∼ rsh/c, at the shock radius, over which the up-
stream medium will have a chance to“recover”by expanding
and cooling adiabatically. Figure 4 shows our derived values
of tdyn in comparison to the measured interval since the last
burst, twait, from the Gourdji et al. (2019) burst sample from
FRB 121102. We see that in most cases tdyn > twait, providing
another consistency check on our general scenario. Indeed,
we are led to speculate that the typical absence of bursts
with shorter wait times twait . tdyn might not indicate a
complete lack of flares/shocks on such short timescale, but
suppression of the FRB emission due to the upstream being
too hot when flares are spaced too closely together.
2.3 Rates and Energetics
The bursts from FRB 121102 exhibit a complex repetition
pattern with a non-Poissonian distribution and a median in-
terval of hundreds of seconds (e.g. Oppermann et al. 2018b;
Katz 2018a; Li et al. 2019; Gourdji et al. 2019). The luminos-
ity function of FRB 121102 may also vary in time. Law et al.
(2017) find that, weighted by their radiated energy (and thus
the flare energy in our scenario), the luminosity function is
dominated by the rare highest fluence bursts, which take
place at a rate R . 1 per day (see also Nicholl et al. 2017),
while observations of low-energy bursts at different epochs
imply a steeper luminosity function whose total energy is
dominated by frequent less-energetic bursts (Gourdji et al.
2019).
Combining our results from the previous section for the
average flare energy, 〈Eflare〉, with the measured repetition
rates of the CHIME-detected repeaters (CHIME/FRB Col-
laboration et al. 2019b; Andersen et al. 2019), and assum-
ing the latter are among the more energetic flares, we may
crudely estimate the flare energy injection rate by the cen-
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Figure 3. Inferred properties of the FRB-powered shock for the same sample of bursts shown in Fig. 2. As a function of the inferred
flare energy Eflare we show the Lorentz factor of the shocked gas (top), shock radius rsh (middle), and external density next immediately
ahead of the shock (bottom). Green stars and triangle show the same results for the (apparently) non-repeating FRBs with host galaxy
candidates identified by ASKAP and DSA-10, respectively (Bannister et al. 2019; Ravi et al. 2019; Prochaska et al. 2019; H. Cho et
al. in prep), while grey points show the other published non-repeating CHIME FRBs without host galaxy candidates (CHIME/FRB
Collaboration et al. 2019a). We have assumed m∗ = me, fe = 0.5, fξ = 10−3; scalings with these properties are given by equations (6-9) in
the main text.
tral engine for each repeating source as
ÛEflare ∼ 〈Eflare〉 R ≈ 3 × 1039erg s−1 〈Eflare〉44 R0.1hr−1, (11)
where R0.1hr−1 is the repetition rate normalized to once per
ten hours and 〈Eflare〉44 the average flare energy normalized
to 1044 erg. Although the uncertainties are large, Figure 5
shows typical values ÛEflare ∼ 1040 − 1041 erg s−1 for the re-
peater population.
What should this energy injection rate be compared to?
If the upstream medium setting next is a baryon-loaded trans-
relativistic shell ejected a time ∆T ∼ R−1 before the burst,
then the total mass in such a shell is ∝ nshR3b ∼ nextv3w∆T3
(see eq. 10 and surrounding discussion). This then allows an
estimate of the kinetic wind luminosity required to generate
the baryon-loaded medium into which the relativistic flares
collide,
ÛEw ∼ 2pi3 nextmpv
5
wR−2
≈ 3 × 1040 erg s−1
( vw
0.5c
)5 ( next
104cm−3
)
R−2
0.1hr−1
, (12)
where the ion shell velocity is normalized to a value vw ≈
(0.5−0.8)c similar to that needed to explain the RM and per-
sistent radio emission from FRB 121102 (Margalit & Met-
zger 2018). Observations of the radio afterglow of the Galac-
tic giant flare from SGR 1806-20 also support the ejection
of mildly relativistic material during the flare (vw ≈ 0.7 c;
Gaensler et al. 2005; Gelfand et al. 2005; Granot et al. 2006).
Figure 5 shows that the allowed values of ÛEflare and ÛEw
(calculated for vw = 0.5 c) typically overlap, albeit within
the several order-of-magnitude uncertainties of each quan-
tity. Though not a requirement of our model, it would also
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Figure 4. Dynamical timescale, tdyn ∼ rsh/c, for recovery of the
shocked gas (black bars) compared to the wait time until the
next burst, twait (yellow crosses), for the sample of bursts from
FRB 121102 of Gourdji et al. (2019), divided into the two ob-
servation epochs of that sample. In nearly all cases twait & tdyn
consistent with the assumption of the synchrotron maser blast-
wave model of a cold upstream medium.
not be surprising if the energy released promptly from the
engine (as ultra-relativistic ejecta during the earliest stages
of the flare) were to be comparable to that released over
longer timescales in slower baryon-loaded outflow during the
aftermath of the flare. For the fiducial parameters required
to fit the persistent source luminosity, rotation measure, and
burst properties of FRB 121102, these energies were also
found to be comparable (Margalit & Metzger 2018). It is
thus non-trivial that the CHIME repeaters also show ten-
tative evidence for equality between ÛEflare and ÛEw given the
dependence of such agreement on the burst repetition rate R,
which is otherwise independent of the other observed burst
properties (frequency, duration, luminosity).
Our above analysis assumes that the relativistic ejecta
from the central engine is released isotropically. If the ejecta
were instead beamed into a limited fractional solid angle
fb < 1, then the true (beaming-corrected) energy of a given
flare Eflare would decrease by a factor fb. On the other
hand, the same beaming would cause one to underestimate
the flaring rate by the same factor R ∝ f −1b , such thatÛEflare ∝ EflareR would remain unchanged from that inferred
from the isotropic case provided that the flares are emitted
into random directions. The angular distribution of the flare
direction, and indeed whether beaming is relevant at all, de-
pends on the engine model. A neutron star, for instance,
may possess a preferred direction defined by its magnetic
dipole axis. However, as long as the rotational period of the
star exceeds the burst duration δt then flares which occur at
random rotational phases would generate a flare distribution
which is at least azimuthally-symmetric.
The same shock responsible for generating coherent syn-
chrotron maser emission (the FRB) also produces an inco-
herent synchrotron afterglow, analogous to a scaled-down
version of those which accompany the interaction of gamma-
ray burst (GRB) jets with the circum-burst environment
(Lyubarsky 2014, MMS19, Beloborodov 2019). However, un-
like normal GRB afterglows the emission is produced by
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Figure 5. Inferred engine power emitted in the relativistic flares
that produce the bursts, ÛEflare (eq. 11; color symbols), in com-
parison with the power emitted carried away by slower-moving
baryon-loaded shells into which the relativistic flares collide, ÛEw
(eq. 12; grey points). Symbols and notation are as in Fig. 2, with
the addition of L17 and G19 for rate and energetic constraints on
R1 (Law et al. 2017 and Gourdji et al. 2019, respectively). The
implied power in both outflows is comparable within the large
uncertainties, especially considering that ÛEflare should be decrease
and ÛEw increase if the source distances are smaller than our con-
servative estimate (scaling shown with arrows).
thermal electrons heated at the shock rather than a power-
law non-thermal distribution (e.g. Giannios & Spitkovsky
2009; Sironi & Spitkovsky 2009). The shock-heated thermal
electrons are fast-cooling in the post-shock magnetic field in
the case of an upstream electron-ion medium for typical FRB
parameters (MMS19), in which case an order-unity fraction
of the blast wave energy will be radiated (in contrast to the
much smaller fraction fξ . 10−3 radiated as an FRB).
The peak frequency of the synchrotron afterglow at
times t & δt is given by (MMS19, their eq. 57)
hνsyn ≈ 228 MeV
(
fe
0.5
)−2
σ
1/2
−2 E
1/2
flare,44t
−3/2
−3 , (13)
where σ−2 ≡ σ/10−2. For an electron-ion upstream medium
( fe ∼ 1) the emission should occur in the MeV or GeV
gamma-ray band, while for a pair-loaded upstream medium
( fe  1) the afterglow would peak in the X-ray or optical
band (MMS19; Beloborodov 2019).
Under the most optimistic assumption that electrons
are heated to rough equipartition with the ions, each FRB
is accompanied by a gamma-ray burst of duration ∼ δt and
maximum fluence Eγ ≈ 0.5Eflare. Figure 6 shows the pre-
dicted maximum gamma-ray fluences of the bursts from
the repeating FRBs in our sample. Typical values are F ∼
10−12 erg cm−2, several orders of magnitude lower than the
lowest fluence GRB detected by Fermi Gamma-ray Burst
Monitor (∼ 10−8 erg cm−2; von Kienlin et al. 2014). It is
thus unsurprising that no convincing gamma-ray counter-
parts to FRBs have yet been detected (e.g. Bannister et al.
2012; Palaniswamy et al. 2014; DeLaunay et al. 2016; Cun-
ningham et al. 2019).
Prospects are better to detect the afterglow in the vi-
sual band, but only if the upstream medium of the shock
is much higher density (e.g. in dark FRB-free phases right
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Figure 6. Predicted maximum fluence of thermal gamma-ray
afterglow associated with each repeating FRB source (MMS19).
The predicted fluences are at least 3−4 orders of magnitudes lower
than the lowest fluence GRBs ever detected ∼ 10−8 erg cm−2. The
symbol, color, and naming conventions follow Fig. 2.
after baryon ejection from major flares) or if the upstream
medium is sufficiently pair-loaded ( fe  102 − 103) for hνsyn
to fall in the UVOIR band. The best current upper limits
on optical radiation simultaneous with a burst from FRB
121102 are . 1047 erg s−1 on timescales . 70 ms. Future in-
struments such as HiPERCAM (Dhillon et al. 2016) or the
planned Ultra-Fast Astronomy observatory (Li et al. 2019)
will be more sensitive by several orders of magnitude and
thus could place interesting limits.
3 DISCUSSION
3.1 Challenges and Uncertainties of the Model
The main results of the previous section were derived within
the nominal assumptions of the MMS19 model, particularly
that the upstream medium — at least on sufficiently large
scales — is baryon-loaded and expanding at mildly relativis-
tic speeds (Margalit & Metzger 2018). However, some po-
tential concerns exist about the upstream medium being a
slowly-expanding electron-ion plasma (e.g. as raised by Be-
loborodov 2019), which we address in this section. We also
consider to what extent our results would change, and these
concerns alleviated or worsened, if the upstream behind the
ion shell were instead a nebula dominated by e−/e+ pairs
( fe  1), e.g. from a pulsar wind (see also §3.3).
The fiducial value for the maser efficiency adopted in
our analysis, fξ ∼ 10−3, is calibrated off of PIC simula-
tions performed for an e−/e+ upstream medium and its value
could in principle be smaller in the electron-ion case by a
factor of up to ∼ me/mion ∼ 10−3 − 10−4, corresponding to
the small fraction of the upstream kinetic energy carried
by the electrons (which ultimately power the synchrotron
maser). In such a case, the required energy budget of the
flares Eflare ∝ f −4/5ξ for an electron-ion upstream would in-
crease by several orders of magnitude, and possibly beyond
plausible values for some engine models. Contrary to this ex-
pectation, Iwamoto et al. (2019) present 2D PIC simulations
showing that the kinetic energy of the electrons entering the
shock is enhanced by the wakefield electric field created in
the precursor region (as electrons are separated away from
the ions by the ponderomotive force of the precursor, see e.g.,
Hoshino 2008), such that the effective efficiency is close to
the upstream pair case. However, final conclusions about the
maser efficiency in the electron-ion case awaits future multi-
dimensional PIC simulations which run sufficiently long to
achieve a steady-state in the precursor emission.
Another concern in invoking an ion-dominated up-
stream is whether the magnetization σ ∝ B2/ρ, into which
the relativistic flares are colliding, is too low for efficient
maser emission. Consider that if the baryon shell is ejected
in a quasi-steady outflow of magnetization σ = σ0 ∼ 1 from
the central engine over a time Tion, then since B ∝ 1/r and
ρ ∝ 1/r2 in a steady wind, we have σ ∼ constant ∼ σ0 out to
radii ∆ = vwTion ∼ 1010(Tion/1s)(vw/0.5c) cm. At radii r  ∆,
the ejecta shell would soon achieve homologous expansion,
for which ρ ∝ 1/r3 and B ∝ 1/r2, such that σ ∝ 1/r could
in principle decrease by several orders of magnitude between
r ∼ ∆ and the radii rsh ∼ 1012−1013 cm of the inferred shocks
(Fig. 3). For instance, in the case of an ion shell released from
a magnetar giant flare (e.g. Tion ∼ 0.1 − 1 s, similar to the
observed durations of Galactic giant flares) we could expect
σ(rsh) ∼ 10−2 − 10−3 for σ0 ∼ 1 if the upstream medium is
the ion shell.
A low value of σ is problematic for the maser emis-
sion because the downstream electrons should gyrate about
the ordered magnetic field, which could be disrupted by the
Weibel instability which occurs for sufficient low values of σ
(e.g,. Sironi et al. 2013). In the absence of efficient transfer
of energy from ions to electrons ahead of the shock (e.g.,
as due to the wakefield discussed before), electrons would
enter the shock with an effective magnetization σe, which
is a factor of mion/me & 103 larger than the normal σ for
the ions defined above. For values of σ(rsh) & 10−3 in the ion
shell (as motivated above), electrons would still have σe & 1,
which is sufficiently large (i.e., the electrons are sufficiently
magnetized) for producing the synchrotron maser. However,
such a scenario would suffer from the poor efficiency men-
tioned above, given the small fraction of the upstream ki-
netic energy carried by the electrons. Whether the shock
at moderately low magnetization effectively self-regulates
to give efficient precursor emission despite the adverse ef-
fect of the Weibel instability would require long-term multi-
dimensional PIC simulations. For relatively short run times,
Iwamoto et al. (2019) have shown that in 2D PIC simula-
tions of electron-ion shocks with mass ratio of 50, a relatively
low value of σ ∼ 0.02 can still produce precursor waves with
fξ ∼ 10−3 (with the only caveat that the shock was yet to
reach a steady state in the precursor emission).
Another uncertain issue is the effect of the strong pre-
cursor wave on the properties of the upstream medium and
the efficiency of the maser. Using the shock properties of
our FRB sample presented in §2, we infer wave-strength pa-
rameters a ∼ 100 at the time of the observed FRBs under
the standard assumption of an electron-ion upstream (see
Fig. 7). The anticipated effect of an ultra-strong wave a  1
is to induce bulk motion of the pair gyrocenter motions along
the direction of the wave propagation away from the shock
at a Lorentz factor Γe ∼ a (e.g. Arons 1972; Blandford 1972;
Lyubarsky 2006, 2019).
Following the numerical set-up outlined in Plotnikov &
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Figure 7. The inferred wave-strength parameter a (eq. B2) for
FRBs in our sample (color and naming convention follow Fig. 2).
We have assumed m∗ = me, fe = 0.5, fξ = 10−3.
Sironi (2019), we have performed a suite of one-dimensional
PIC simulations of ultra-relativistic shocks propagating into
an upstream pair plasma of magnetization σ = 3, in order
to explore the effects of large strength parameter a  1 on
the dynamics of the upstream medium and the properties of
the maser emission. Our results are shown in Figure 8 and
described in greater detail in Appendix B.
Firstly, we confirm that for a  1 the precursor wave
acts to accelerate (“push”) upstream electron fluid away from
the shock to a bulk Lorentz factor ∼ a and to induce rela-
tivistic dispersion in the particle momentum, consistent with
theoretical expectations (e.g. Lyubarsky 2019). In princi-
ple, such pre-acceleration and heating of the upstream could
change the rate of induced Compton scattering, which con-
trols the observed peak of the SED in the MMS19 model.
However, as shown in Appendix C, the expected suppression
of the ICS rate in the co-moving frame of the pair gyrocenter
(Lyubarsky 2019), coupled with appropriate Lorentz trans-
formation of the in-beam and out-of-beam scattering rates,
results in the ICS optical depth remaining unchanged in the
a  1 limit from what one would infer for a stationary up-
stream medium of the same electron column.
We also find that the radiative efficiency of the precur-
sor emission is not changed for a  1 from the value in the
a  1 limit, at least for the range a . 60 we have thus far ex-
plored (Fig. 8, panels a,b). This result is somewhat counter-
intuitive, as one might expect deceleration of the upstream
due to interaction with the strong wave (Fig. 8, panel c)
to reduce the kinetic shock power and resulting maser effi-
ciency. However, as discussed in Appendix B, we find this is
balanced by compression of the upstream medium (Fig. 8,
panel d) and transverse “heating” of the upstream electrons.
This heating could itself stifle the maser by preventing the
development of the necessary ring-shaped momentum distri-
bution of particles immediately behind the shock. However,
as shown in the bottom panels of Fig. 8, the majority of
the particle heating occurs in the plane transverse to the
direction of wave propagation (parallel to the shock front)
and therefore does not act to suppress the maser (see Ap-
pendix B for additional discussion).
Some degree of “longitudinal” heating of the upstream
particles of the kind detrimental to the maser does occur,
and is seen to increase with a (Fig. 8, panel f) . Extrapolat-
ing our results to yet higher values of a ≈ Γ, the longitudi-
nal heating is predicted to approach the level that Babul &
Sironi (in prep) find would begin to suppress the maser ef-
ficiency. All else being equal, the strength-parameter of the
wave scales with the maser efficiency as a ∝ f 1/2
ξ
(eq. B2).
We speculate that for a  Γ the maser emission will “self-
regulate”, resulting in the efficiency being capped at a max-
imum value fξ,max ∼ 10−3( fe/0.5)(m∗/me)−1 (see eq. B4 in
Appendix B).
3.2 Inferences about the FRB Engines
Our results in §2 as presented in Figs. 3-6 are relatively in-
dependent of the nature of the central engine giving rise to
the relativistic flares. Our findings are also largely insensi-
tive to the precise composition of the upstream medium as
quantified by the values of fe and m∗. In this section we ap-
ply these findings to draw inferences about the population of
FRB engines, before returning to the nature of the upstream
medium in §3.3.
The absolute energy loss rates implied by Fig. 5 of
ÛE ∼ 1039 − 1041 erg s−1 are significant. For a source age
of & 8 years (minimum active age of the first repeater
FRB 121102), the implied total engine energy budget is
Etot & 1047 − 1049 erg. What engines could produce such
values of Etot and ÛE, a large part of which is placed into
irregular ultra-relativistic outbursts?
The inferred values of ÛE are, for instance, similar to
the Eddington luminosity Ledd ∼ 1041(M/103M) erg s−1 for
a M ∼ 102 − 104M compact object. Ultra-luminous X-ray
sources (ULX) are postulated to arise in part from massive
stellar-mass, or intermediate-mass, neutron stars or black
holes which are accreting near or above the Eddington lu-
minosity (Kaaret et al. 2017). ULXs appear to occur across
a range of galaxy Hubble types (Swartz et al. 2011), consis-
tent with the current sample of FRB hosts. Compact objects
can produce highly relativistic jetted outflows containing a
significant fraction of the accretion power (e.g. Mirabel &
Rodr´ıguez 1999). On the other hand, these transient’s jets
rarely obtain Γ  100, except potentially in the more ex-
treme case of cosmological gamma-ray bursts. The nature of
the time-dependent upstream medium into which the flare
ejecta propagates is also not obvious in a ULX scenario.
The most actively discussed FRB engine model is a flar-
ing magnetar (e.g. Popov & Postnov 2013; Lyubarsky 2014;
Kulkarni et al. 2014) at a particularly hyper-active phase
early in its life (Beloborodov 2017; Metzger et al. 2017).
The magnetar could be formed in a core collapse supernova,
through the merger of a binary neutron star system, or via
the accretion-induced collapse (AIC) of a white dwarf (Mar-
galit et al. 2019; Beloborodov 2019). The required energy
budgets are consistent with the magnetic energy reservoir
of a magnetar, EB? ∼ 3 × 1049B216 erg, where B = B16 × 1016
G is the initial internal magnetic field strength. The energy
loss-rates are also consistent with the predicted power out-
put due to the ambipolar diffusion of Poynting flux from
the core of a young magnetar, ÛEmag ∼ 1039 − 1041B316 erg
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Figure 8. Results from a suite of 1D PIC simulations of magnetized shocks propagating into an upstream pair plasma of (initial) bulk
Lorentz factor Γ0 (the simulation is performed in the post-shock frame) and magnetization σ = 3 (black points) and σ = 0.3 (blue points)
as a function of the wave-strength (wiggler) parameter a (eq. 1; in the simulation setup we vary the upstream Lorentz factor Γ0, which
results in changes in a ∝ Γ0, see green lines in panel c) of the electromagnetic precursor, i.e. the nascent FRB. Quantities shown include:
(a) fractional magnetic energy density of the precursor wave relative to the incident magnetic energy density of the upstream medium;
(b) efficiency of the precursor electromagnetic wave, as measured in the shock frame; (c) various bulk Lorentz factors, where in this
panel the filled circles correspond to σ = 3 and open circles to σ = 0.3. In addition to the initial Lorentz factor of the far upstream
medium (Γ0), we show the actual Lorentz factor of the upstream medium just ahead of the shock resulting from its deceleration by the
precursor wave, as measured in the downstream (Γu,d) and initial upstream frame (Γu,u); (d) particle density in the region decelerated by
the precursor wave, normalized by the initial (unperturbed) upstream density. We find that, as measured in the downstream (simulation)
frame, nu,d is unaffected by the strong precursor wave (black circles; open, filled for σ = 0.3, 3, respectively). This implies an increased
density (“compression”) as measured in the rest frame of the decelerated electrons (nrest; orange) and in the unperturbed far-upstream
frame (nu,u; red); (e) mean longitudinal particle momentum in the precursor region, which remains ∼ Γ0 regardless of a; (f) dispersion in
longitudinal particle momentum in the precursor region. Dotted lines in panels c and d show for comparison the theoretical expectations
for the effect of a strong-wave on the upstream medium from Lyubarsky (2019). In the last panel, dashed lines represent the critical
dispersion where thermal effects are expected to suppress the precursor efficiency.
s−1 (eq. 2 of Margalit et al. 2019) for the same value of B16
(Beloborodov & Li 2016; Beloborodov 2019).5
When possible to measure, other FRBs have shown dim-
mer persistent source luminosity and lower RM values than
FRB 121102. The magnetar model predicts a range of persis-
tent source fluxes and RM values, which depends on the age
of the magnetar-birthing supernova or merger/AIC event
(Margalit et al. 2019). For an assumed power-law decay of
the time-average power of the baryon wind into the nebula
ÛEw ∝ t−α, Margalit & Metzger (2018) predict secular decay
5 The prefactor in this expression depends on whether the core
of a neutron star is cooled by the modified or direct Urca process,
respectively (Beloborodov & Li 2016), which in turn depends on
the mass of the magnetar.
of the rotation measure RM ∝ t−(6+α)/2 and persistent source
flux Fν ∝ t−(α2+7α−2)/4 for α > 1.6 For example, even in the
case of α ≈ 1, the nebular RM of a source 10 times the age of
FRB 121102 would be ≈ 3000 times lower and the persistent
source ≈ 30 times dimmer.
3.3 Nature of the Upstream Medium
One of the key open questions in the magnetar exter-
nal shock scenario is whether the upstream medium into
which the flare ejecta collides is (1) direct material from the
electron-ion shell (e.g. from a previous magnetic flare); (2)
6 In their Appendix, Margalit et al. (2019) also investigate the
α = 0 case and find Fν ∝ t−143/160 ' t−0.89 in this regime.
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an e−/e+ dominated medium generated by a rotationally-
powered component of the wind operating between the FRB-
producing magnetic flares. The latter could still be confined
into a nebula between the wind termination shock and the
external ion shell (Beloborodov 2019).
One relevant fact is that the intrinsic polarization angle
of bursts from FRB 121102 was measured to be roughly con-
stant over & 7 months of observations (Michilli et al. 2018),
during which the source presumably underwent thousands
of bursts. In the synchrotron maser scenario, this requires a
fixed direction for the magnetic field of the upstream plasma
into which the FRB-producing flare collides. Such a fixed
field structure is expected in the outflow from a rotating
compact object, for which the magnetic field wraps around
the approximately-fixed rotation axis (MMS19, Beloborodov
2019). Though the clear prediction of a rotationally-powered
pulsar-like wind, even the magnetic field in an ion shell
would be wrapped in the toroidal direction provided that the
timescale over which its mass was released from the magne-
tar surface (e.g. Tion ∼ 1 s, a value motivated by the observed
durations of giant Galactic magnetar flares; e.g. Palmer et al.
2005) is comparable to, or greater than, the spin period of a
decades old magnetar. The fixed polarization angle of the
bursts alone does not therefore distinguish the upstream
medium in the magnetar scenario.
Another question is whether a pulsar-like wind from
the magnetar can inject sufficient pairs between its mag-
netic flares to generate a nebula of sufficient pair density
to match those required by our modeling (Fig. 3). In Ap-
pendix D and Figure D1 we show that the answer to this
question depends on the assumed pair loading of the wind
(e.g. whether the pair loading is some multiple of the stan-
dard Goldreich & Julian 1969 particle flux or the different
prescription advocated by Beloborodov 2019). However, for
fiducial parameters — the rotationally-powered wind cannot
provide the upstream electron density inferred from obser-
vations.
A separate and potentially serious problem in invok-
ing the relativistic, rotationally-powered pulsar wind as the
source of the upstream medium is that the pairs, once
shock heated at the wind termination shock, would be too
hot to generate efficient maser synchrotron emission (Be-
loborodov 2019). Appendix D provides estimates for the
cooling of such pairs by synchrotron radiation in the neb-
ula and inverse Compton emission off the background ra-
diation field provided by the incoherent synchrotron emis-
sion of the FRB-generating shocks. Although synchrotron
emission is found to be insufficient to cool the pairs be-
tween flares, inverse Compton cooling from the most en-
ergetic flares, Eflare & 2 × 1044 erg, may be sufficient to cool
all the pairs in the nebula to sub-relativistic temperatures.
However, if such cooling events are required to occur too fre-
quently (e.g. as the shortest observed burst wait-times ∼ 102
s), the energy budget of the magnetar would be strained.
On the other hand, one cannot completely exclude that rare
powerful flares create a sufficiently large “reservoir” of cold
electrons to enable efficient maser emission long after. In
summary, although invoking a magnetar wind pair nebula
as the upstream medium holds advantages relative to the
ion-loaded shell, it also comes with several issues and uncer-
tainties.
3.4 Comparison to Beloborodov (2019)
Although the picture presented in MMS19 and here are
broadly similar to that of Beloborodov (2019), a number
of key differences separate our models. While we assume
a slowly-expanding, relatively mildly magnetized medium
with a potentially substantial ion component, Beloborodov
(2019) invokes the upstream medium being a high σ  1
ultra-relativistic, pair-loaded spin-down powered wind from
the magnetar. As one consequence of this, the shock radii in
the Beloborodov (2019) scenario are larger ∼ 1014 cm than
in our picture, which are instead in the range rsh ∼ 1012−1013
cm at the time of the observed bursts. For similar reasons,
while induced Compton scattering plays an important role
in shaping the observed FRB light curve and SED in our
scenario (particularly generating a low frequency cut-off), it
plays little or no role in the Beloborodov (2019) scenario.
The repeating FRB sample show a range of frequency
decay rates (Fig. 2), which we have shown in the MMS19 sce-
nario can be matched to reasonable diversity in the power-
law slope k of the upstream medium (e.g. tail end of the ion
shell; Fig. 1) and would naturally be expected to evolve be-
tween bursts. Given that the density slope of a steady pulsar
wind would naively be identical in every case, it is not clear
to us how similar diversity of the drifting rate would be im-
printed if the upstream medium is a relativistic pulsar wind.
We also note that matching the frequencies and fluences of
observed FRBs within the Beloborodov (2019) model re-
quires a high particle flux being ejected shortly preceding
flares. We find that this is only possible if the pulsar wind
preceding the flares is highly mass-loaded and therefore only
mildly relativistic and moderately magnetized (Lorentz fac-
tor Γw ∼ 4, magnetization σ ∼ 2), in which case the pulsar
wind is not terribly different in its properties than the effec-
tively stationary medium assumed here and by MMS19.
4 CONCLUSIONS
We have modeled the sample of repeating FRBs, including
the newly discovered population by CHIME (Andersen et al.
2019), within the synchrotron maser decelerating blast wave
model of MMS19, which in turn built on pioneering work
by Lyubarsky (2014) and Beloborodov (2017). Our main
results as summarized in Figs. 2-3 are measurements, for
each burst, of the energy Eflare and minimum Lorentz factor
Γ of the flare ejecta; the radius rsh of the shock interaction at
the time of the observed FRB; and the value next and radial
power-law index k of the density of the external medium
at rsh. From the inferred burst energetics and rates, we also
place loose constraints on the required power output of the
central engine, ÛE (Fig. 5).
Several consistency checks are applied which lend cre-
dence to the model. The values of k ∈ [−2, 1] we find from the
observed downward drift rate of FRB sub-pulses are consis-
tent with our assumption of blastwave deceleration using the
Blandford-McKee self-similar dynamics. Furthermore, the
dynamical timescales at the shocks are inferred to be short
compared to the wait time between the vast majority of the
flares (Fig. 4), thereby justifying a sufficiently cold medium
by the time of the next shock for efficient maser emission.
Our inference of shock radii ∼ 1012 − 1013 cm are also con-
sistent with the hypothesis that the upstream medium is
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a dense baryon-loaded shell from the most powerful flares,
which take place every ∼ 104−105 s when the source is active
(Fig. 1). Indeed, the power output in such baryonic ejecta
appears broadly similar to that of the ultra-relativistic FRB-
producing ejecta (Fig. 5), consistent with a common origin.
For individual bursts other than FRB 121102, our re-
sults depend on the uncertain source distance, for which only
rough upper limits can be placed from the source DM. Our
results are relatively insensitive to uncertain parameters of
the model, such as the composition of the upstream medium
(particularly the value of m∗ setting the peak frequency of
the maser emission). An important exception is the maser
efficiency fξ to which the flare energy is roughly inversely
proportional (eq. 4). The value of fξ is reasonably well con-
strained theoretically for an e−/e+ plasma (e.g. Plotnikov &
Sironi 2019).
One possible concern about the maser mechanism is
the large predicted strength/wiggler parameter a  1 of
the FRB wave and its impact on the immediate-upstream
(Fig. 7). We have presented 1D PIC simulations of mag-
netized shocks which show (to our knowledge for the first
time) that the efficiency of the shock maser emission is not
appreciably suppressed in the case of e−/e+ upstream com-
position even in cases with a  1 (Fig. 8). We confirm the
theoretical expectation that the upstream electrons are ac-
celerated to relativistic velocities by the electric field of the
wave (both in their bulk gyrocenter motion, and internally).
However, most of the electron “heating” occurs transverse to
the direction of the wave propagation and therefore does not
destroy the post-shock ring-shaped momentum distribution
of the electrons which is critical for the maser emission.
The simulations do show evidence for appreciable lon-
gitudial heating by the wave, which when extrapolated to
yet stronger waves than those we have simulated could act
to suppress the maser efficiency for a & Γ. In such a regime,
we speculate that the upstream heating will act to self-
regulate the maser, capping the FRB radiative efficiency of
a blastwave undergoing self-similar deceleration at a max-
imum value of fξ,max ≈ 10−3( fe/0.5)(m∗/me)−1 (eq. B4; Ap-
pendix B). Future simulation work will more thoroughly ex-
plore the properties of the precursor wave generation in the
a  Γ limit, both for the e−/e+ and electron-ion cases.
For purposes of economy, we have nominally favored
an electron-ion composition for the upstream medium sur-
rounding the FRB engine based on the requirement to re-
produce the persistent synchrotron emission and high RM of
FRB 121102 (provided both arise from an engine-fed nebula
on larger scales; e.g. Margalit & Metzger 2018). However,
large uncertainties remain regarding the efficiency and SED
of the maser emission in the electron-ion case (most PIC
simulation work has focused on the e−/e+ case due to com-
putational limitations) and we cannot exclude that the ion
shell from a magnetar flare would possess an appreciable
e−/e+ component. An e−/e+ upstream medium could also
be created by the rotatationally-powered wind of a pulsar or
magnetar engine between flares (see also Beloborodov 2019).
A major uncertainty in this case is whether the pairs in the
nebula have sufficient time to cool between flares to allow the
maser to operate (Appendix D). It is also unclear whether
the pair multiplicity of the pulsar wind is sufficiently high
to explain the number of pairs required to explain the FRB
data (Fig. D1).
One implication of our prediction that the peak of the
FRB spectrum drifts downward in frequency due to blast
wave deceleration is that multi-band detections of a sin-
gle burst may be possible, e.g. with parallel observing cam-
paigns. As a result of the increasing blast wave radius r, and
decreasing Lorentz factor Γ with time, the observed burst
duration ∼ r/Γ2 will be intrinsically longer at lower frequen-
cies (i.e. once the effects of scattering broadening−which is
greater at low frequencies−has been removed).
Some FRBs with time-resolved spectra show no appar-
ent downward frequency drift. Such zero-drifting behavior
(β ≈ 0) is possible in our model under some circumstances,
e.g. k ≈ −2/7 in the t . δt case (Fig. 2). Indeed, for radial
density profiles k . −2/7 and short bursts obeying t . δt,
rising frequency behavior (“chirping”) is also possible. Such
a very short-lived chirp could in principle precede a longer
sub-burst generated at times t & δt by the SED re-entering
the observational band-pass from above and which would
exhibit the standard downward-drifting behavior.
Our results for the burst timescale, energetics, and rates
are consistent with the hypothesis that repeating FRBs
arise from young, hyper-active flaring magnetars. However,
we emphasize that the methodology as presented is gener-
ally applicable to any central engines involving an impul-
sive injection of energy into a moderately dense, strongly
magnetized external medium. This flexibility in the mod-
eling would become particularly relevant if additional ev-
idence supports the hypothesis of distinct repeating and
non-repeating classes of bursts or if magnetar engines be-
come disfavored for a sub-fraction of the bursts, e.g. based
on host galaxy demographics.
Nevertheless, we feel that it is premature to abandon
FRB unification scenarios entirely. It is true that, when pos-
sible to measure, other FRBs have shown dimmer persistent
source luminosity than FRB 121102; for example, no persis-
tent radio source is detected from the location of recently-
localized ASKAP FRB 180924 to a limit ∼ 3 times lower
than FRB 121102 and the bursts possess a much lower RM
' 14 rad m−2 (e.g. Bannister et al. 2019). However, as dis-
cussed in §3.2, such diversity could easily be attributed to
(1) a lower rate of mass injection into the nebula (e.g. due to
less energetic flaring activity) or (2) a different medium con-
fining the nebula. An example of the latter would be magne-
tars formed from binary neutron star mergers, for which the
(lower mass) ejecta shells would expand more rapidly than
in a supernova (e.g. Waxman 2017; Margalit et al. 2019).
One property previously argued to separate the repeat-
ing FRB population from the apparent one-off population is
the longer observed duration of the repeating FRBs (Scholz
et al. 2016; Andersen et al. 2019). We speculate that this is
related to a higher rate of flaring by the repeating sources,
which makes them more likely to be identified as repeaters
and might arise physically from intrinsic diversity in the en-
gine properties (e.g. magnetars with strong internal mag-
netic fields and correspondingly shorter core ambipolar dif-
fusion timescales for magnetic flux escape). Inverting equa-
tion (9), the burst duration can be related to the density
of the external medium according to t ∝ n3/2ext . If each major
flare were to ejecta a similar baryonic mass, then we would
expect next and thus the observed burst duration to decrease
with the engine flaring rate.
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APPENDIX A: DERIVATION OF FLARE
PROPERTIES
Here we briefly derive expressions for the flare energy,
Lorentz factor, and upstream density in the MMS19 model
as a function of the observed burst properties. The peak fre-
quency of the synchrotron maser SED is (Plotnikov & Sironi
2019)
νpk ∼ 3Γνp ∝ m−1/2∗ f 1/2e n1/2ext Γ. (A1)
In the above equation νp is the plasma frequency of species
with effective mass m∗ and fe is the ratio of electron to ion
density. Induced Compton scattering of the burst in the up-
stream medium scatters low-frequency photons out of the
radiation cone so that the observed spectrum peaks at a fre-
quency higher than νpk, where the induced Compton optical
depth drops below τICS ∼ 3. This implies (eq. 43 of MMS19)
3 ∼ τICS (νmax) ∝ fenexttr2 ν
−2Lν

νmax
∝ feΓ4n2extν−3pk
(
νmax
νpk
)−α
t,
(A2)
where in the last line we have assumed an intrinsic syn-
chrotron maser SED of νLν ∝ ν3−α for ν & νpk (our fiducial
value throughout the paper is α ≈ 4, consistent with mod-
erate σ; Plotnikov & Sironi 2019), and used the fact that
(eq. 12 of MMS19)
νLν |νpk ≈ fξ Lsh = fξ4pir2nextΓ4mpc3. (A3)
Using the above expression we write the observed burst en-
ergy as
ε ≈ t νLν |νpk
(
νmax
νpk
)3−α
∝ Γ8nextt3
(
νmax
νpk
)3−α
, (A4)
where in the final line we have used r ≈ 2Γ2ct.
Equations (A10,A2,A4) can be combined to solve for
the flare Lorentz factor Γ and upstream external medium
next at the time t at which the FRB is detected, and as a
function of the observed burst frequency νmax, duration (δt
and/or t if t & δt), and fluence (which enters ε; eq. 5). This
results in the following expressions for the Lorentz factor,
Γ =
(
16pi2mempc5
9e2
)−1/6 (
6480e4
piσTmempc4
)− α−16(α+1)
(A5)
×
(
m∗
me
) α−3
6(α+1)
f
1
3(α+1)
e f
− 13(α+1)
ξ
ν
− α+36(α+1) δt−
1
3(α+1) t−1/3ε1/6,
and the external density
next =
pime
9e2
(
16pi2mempc5
9e2
)1/3 (
6480e4
piσTmempc4
) α+5
3(α+1)
(A6)
×
(
m∗
me
) 2α−6
3(α+1)
f
− 3α−13(α+1)
e f
− 43(α+1)
ξ
ν
7α+3
3(α+1) δt−
4
3(α+1) t2/3ε−1/3.
In the above equations we have kept δt separate from t,
relevant in the regime where t . δt. In the opposite regime
(t & δt) the expressions should be modified substituting δt →
t. In this regime, t should be associated with the observed
burst duration (width).
Finally, the energy of the relativistic flare can be ex-
pressed as a function of the Lorentz factor and external den-
sity found above,
Eflare = 64pimpc5Γ8nextt3
{
δt/t, t . δt
2/(17 − 4k), t & δt (A7)
which leads to the following solution
Eflare(t . δt) =
(
6480e4
piσTmempc4
)− α−3α+1
(A8)
×
(
m∗
me
) 2(α−3)
α+1
f
− α−3α+1
e f
− 4α+1
ξ
ν
α−3
α+1 δt−
4
α+1 t0ε.
The shock radius is easily obtained from the above equa-
tions, since rsh ≈ 2Γ2ct.
The inferred source properties as calculated above de-
pend on the (for the most part unknown) redshift z and
luminosity distance D of the source as
Eflare ∝ (1 + z)0D2, next ∝ (1 + z)5/3D−2/3, (A9)
Γ ∝ (1 + z)1/6D1/3, rsh ∝ (1 + z)−2/3D2/3.
While the redshift effect is only minor for z . 1, the dis-
tance can have a significant impact. If the distance D used
to infer the source properties is an upper-limit on the true
source distance (as is likely the case for our DM-inferred
distances) then the inferred flare energy, Lorentz factor, and
shock radius are only upper bounds on the true parameters,
whereas the implied external density is a lower limit on the
true density.
We conclude this section by deriving the frequency drift-
rate β (defined such that νmax ∝ ν−β ; cf. eq. 2) in the most
general setting of the snychrotron blastwave model. As dis-
cussed previously, MMS19 show that the observed peak fre-
quency νmax is higher than the intrinsic peak maser fre-
quency νpk due to suppression by induced Compton scat-
tering (τICS(νpk)  1). Using the previously defined param-
eterization of the intrinsic maser SED, the induced Comp-
ton scattering optical depth at νmax can be expressed as
τICS(νmax) = τICS(νpk) × (νmax/νpk)−α, and νmax is defined by
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the condition τICS(νmax) ∼ 3 (see eq. A2), so that
νmax(t) ∝ νpk(t) × τICS(νpk)[t]1/α . (A10)
The ICS optical depth at peak is related to the shock lumi-
nosity and upstream density as
τICS(νpk) ∝ tν−3pk Lsh
ne(r)
r2
∝ tν−3pk Lsh×
{
r−(k+2)sh , k > −2
const. , k < −2 (A11)
where in the ‘standard’ k > −2 case ICS is dominated by gas
immediately ahead of the forward shock (and thus changes
temporally as rsh increases), while in the k < −2 case, i.e. for
a steeply increasing density profile, the ICS optical depth is
set by gas at large distances  rsh and the ne/r2 term is de-
coupled from the shock dynamics (and we therefore assume
it is temporally constant over short timescales).
By combining eqs. (A10,A11) and using the temporal
scaling of νpk(t), Lsh(t), and rsh(t) derived in MMS19 (their
eqs. 37,38, 17,21, and 14,18, respectively), we find
β(k > −2) =
{ 3k+αk−6+2α
2α(4−k)
2k−5+3α
2α(4−k)
=
α=4
{ 7k+2
8(4−k) , t . δt
2k+7
8(4−k) , t & δt
(A12)
and
β(k < −2) =
{−k+αk−14+2α
2α(4−k)
3(α−3)
2α(4−k)
=
α=4
{ 3(k−2)
8(4−k) , t . δt
3
8(4−k) , t & δt
. (A13)
These expressions can also be inverted to probe the density
profile power-law index k as a function of the (measureable)
frequency drift-rate β (e.g. Fig. 2),
k(β; t . δt) =
{ 8αβ+14+2α
2αβ+1−α
8αβ+6−2α
2αβ+3+α
=
α=4
{ 32β+22
8β−3 , β < −1/4
32β−2
8β+7 , β > −1/4
(A14)
and
k(β; t & δt) =
{ 8αβ+9−3α
2αβ
8αβ+5−3α
2αβ+2
=
α=4
{ 32β−3
8β , β < 1/16
32β−7
8β+2 , β > 1/16
. (A15)
Note that eqs. (A12,A13,A14,A15) predict a temporally
increasing frequency drift, β < 0 (a“chirp”instead of a down-
ward drift), if k < −2/7 ' −0.29 and t . δt. This situation
may be realized for especially energetic flares and may be
preferentially observed at higher frequencies.7
APPENDIX B: STRENGTH PARAMETER &
SELF-REGULATION OF MASER EMISSION
The wave-strength (“wiggler”) parameter is defined as
a =
eE
2pimecν
≈
(
e2Lν
2pi2m2ec3r2ν
)1/2
, (B1)
where E and ν are the electric field and frequency of the
FRB wave. For ν = νpk, at which the strength parameter is
maximal, we find, using results from the previous section,
a =
(
m∗ fξ Lsh
18pim2ec3 feΓ2r2shnext
)1/2
=
BM
(
2mpm∗ fξ
9m2e fe
)1/2
Γ, (B2)
7 Note that eqs. (A12,A13,A14,A15) also predict a positive β
“chirp” if k > 4, however the self-similar solutions used in de-
riving the above results break down for such large k rendering
this regime unphysical.
where the final line makes use of the Blandford & Mc-
Kee (1976) solution. Figure 7 shows that we infer a ∼ 100
from the observed sample of FRBs, under our fiducial as-
sumptions for the upstream medium (m∗ = me, fe = 0.5,
fξ = 10−3). This result appears to raise questions about the
validity of the MMS19 model, which was motivated by syn-
chrotron maser emission properties derived from simulations
in the a  1 regime.
A relativistically strong wave a  1 can have several
potential effects on the upstream medium. First, the guid-
ing center frame motion of upstream electrons/positrons will
be accelerated to relativistic velocities Γe ∼ a away from the
shock (e.g. Arons 1972; Blandford 1972). The same mecha-
nism is expected to“heat” the electrons in the guiding center
rest frame to an internal Lorentz factor γe ∼ a (Lyubarsky
2019). Thus, even an initially cold upstream of electrons will
find their energy boosted by a factor ∼ a2 as measured in the
external stationary medium frame. In light of these effects,
one might expect the properties of the synchrotron maser
to be drastically different in the a  1 limit from the pre-
viously studied cases (a  1). However, we now discuss the
results from 1D PIC simulations which suggest this is not
the case for a moderately high strength parameter, at least
for an e−/e+ upstream composition.
Following the numerical set-up of Plotnikov & Sironi
(2019), we have performed a suite of 1D PIC simulations of
ultra-relativistic shocks propagating into an upstream pair
plasma of magnetization σ = 3 and σ = 0.3, in order to ex-
plore at a preliminary level the effects of large strength pa-
rameter a  1 on the dynamics of the upstream medium and
the properties of the maser emission. Figure 8 shows several
quantities of interest to the shock dynamics and maser emis-
sion as a function of a ∝ Γ0, where Γ0 is the initial Lorentz
factor of the upstream medium (well ahead of the shock) in
the downstream rest-frame.
Perhaps counterintuitively, our simulations in the
regime 1  a  Γ0 do not show an appreciable drop in the
efficiency of the maser emission (i.e. fraction of the far up-
stream kinetic+magnetic energy placed into precursor wave
energy). There are two reason for this result, the first be-
ing kinematical. In agreement with theoretical expectations
(e.g. Lyubarsky 2019) we find that the upstream electron
fluid is indeed accelerated away from the shock at bulk
Lorentz factor Γe ≈ a in the original upstream rest-frame
of the upstream (Γu,u in Fig. 8, panel c). This reduces the
Lorentz factor at which the shocked gas moves into the up-
stream from its original value Γ to (Γu,d in Fig. 8, panel c)
Γ˜ ≈
Γ,Γe1
Γ2 + Γ2e
2ΓΓe
≈
ΓΓe
Γ
2Γe
≈ Γ
2a
. (B3)
The shock jump conditions dictate that the kinetic lumi-
nosity of the shock at fixed radius r scales as Lsh ∝ Γ2nmc2,
where n the rest-frame density of the upstream medium. Our
simulations show that the expected reduction in L˜sh ∝ Γ˜2 ∝
1/a2 from the bulk upstream acceleration is compensated by
(1) an increase in the immediate upstream rest-frame den-
sity by a factor n˜/n ≈ a due to compression by the precursor
wave (nrest in Fig. 8, panel d); (2) the expected increase in
the effective rest mass density due to the electrons being
heated by the precursor wave to an internal m˜/m ≈ γe ≈ a.
Thus, L˜sh ≈ Lsh, i.e. the shock luminosity (available elec-
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tron energy) for otherwise similar far upstream parameters
is similar to that in the a  1 limit.
A second non-trivial point relates to the effect of up-
stream heating on the efficiency of the precursor. The maser
emission is driven by the ring-shaped hole in the momentum
space distribution of the post-shock electrons, which would
not be created if the upstream plasma enter the shock too
“hot”. More quantitatively, Babul & Sironi (in prep) find
that the maser efficiency appreciably drops from its value
in the cold limit for upstream temperatures kT & kTth ≈
0.03mec2. As expected, our simulations show that the pre-
cursor wave heats initially cold upstream electrons to an in-
ternal energy γe ∼ a, but the induced electron motion in the
their gyrocenter frame is not isotropic (it cannot be thought
of as a true “temperature”). In particular, the driven elec-
tron motion is mainly perpendicular to the direction of the
wave propagation (parallel to the shock front) and thus will
not suppress the maser.
Instead, from our simulation results, we estimate that
the spread in momentum parallel to the shock scales as δu‖ ≈
0.15a (Fig. 8; panel (f)). Given the threshold δu‖/Γ0 & 0.2 for
efficient maser emission found by Babul & Sironi (in prep),
this implies that suppression of the maser emission will only
take place for a & Γ. From equation (B2) we see that for
maser efficiencies above a critical threshold,
fξ & fξ,max ∼ 10−3 ×
(
fe
0.5
) (
m∗
me
)−1
(B4)
we expect a/Γ & 1 and therefore significant back-reaction
of the precursor wave on the maser. In such a limit one
might expect a self-regulation of the maser process such that
fξ ≈ fξ,max. In other words,
fξ ≈ min
[
fξ,0, fξ,max
]
, (B5)
where fξ,0 is the maser efficiency in the a  1 limit.
APPENDIX C: INDUCED COMPTON
SCATTERING
Induced Compton scattering (ICS) by electrons or positrons
in the upstream medium ahead of the shock plays an im-
portant role in our model. Though many of our results do
not depend qualitatively on the details of this complex prob-
lem (or indeed on whether ICS is at all operational in our
setting), the quantitative results may. In the following we
discuss a few subtleties and complications regarding ICS in
our envisaged scenario. Although a full treatment of the ICS
problem is outside the scope of this work, we show that the
results derived in MMS19 are not greatly affected by several
plausible complications.
ICS is an important effect for high brightness-
temperature sources and has been investigated extensively
in the context of pulsars and AGN (e.g. Melrose & Sy 1972;
Blandford & Scharlemann 1976; Sincell & Krolik 1992).
More recently Lyubarsky (2008) studied the role of ICS on
short duration pulses relevant to FRBs. The effective optical
depth that governs the degree that ICS down-scattering has
on the emergent spectrum is roughly given by
τICS =
3
4
τT
∂
∂ν
(
ν
kTb(ν)
mec2
)
Ωb ×
{
ct/r , out-of-beam
Ωb/6 , in-beam
(C1)
≈ 3σTner
8pime
∂
∂ν
(
Fν
ν
)
×
{
1/2Γ2 , out-of-beam
pi/6Γ2 , in-beam ,
where τT = σTner is the Thomson optical depth of the
upstream medium of electron density ne and radial extent
r, and Tb is the brightness temperature of the incident
radiation beam. We have separated the scattering optical
depths into an“in-beam”component which accounts for self-
scattering of the collimated radiation, and “out-of-beam”
scattering of the beam radiation into large angles > θb (e.g.
onto radiation seeded by spontaneous Thompson scattering
out of the beam). The former is inhibited by the small beam
solid angle Ωb ≈ piθ2b because of the reduced electron recoil
(and therefore the resulting scattering rate) for small an-
gles, while the latter is dependent on the pulse duration ∼ ct
rather than the physical extent of the scattering medium. In
its present application, the beam opening angle is θb ∼ 1/Γ
due to the relativistic collimation, while the burst duration
∼ t is related to the emission radius via r ≈ 2Γ2ct, in which
case we find that in-beam and out-of-beam scattering are of
comparable strength up to a numerical factor of order unity.
The expressions used above are derived under the as-
sumption of a cold (non-relativistic) plasma, but the ICS
process depends on the electron distribution function (e.g.
Wilson 1982). As pointed out by Beloborodov (2019), the
cold plasma assumption is not obviously applicable in our
proposed scenario since the wave-strength parameter obeys
a  1 and thus electrons or positrons will be accelerated
to relativistic velocities Γe ∼ a away from the shock by the
impinging wave (see Appendix B).
Lyubarsky (2019) treats ICS in the strong wave regime,
finding that the scattering rate is suppressed by a factor
∼ 1/a3 in the a  1 limit relative to the standard a  1
expression. This result was obtained for a stationary scat-
tering medium, i.e. in the guiding center rest frame of the
scattering electrons, and therefore must be transformed into
the lab frame. If such electrons acquire bulk motion with
Lorentz factor Γe in the direction of the wave propagation,
the appropriate induced Compton scattering optical depth
τ′ICS must be evaluated in the electrons’ rest frame. Given the
Lorentz transformation of the relevant quantities: τ′T = τT,
r ′/r = ν′/ν = T ′b/Tb = 1/Γe, t ′ = Γet, Ω′b = Γ2eΩb (e.g. Be-
loborodov 2019) we find that τ′ICS = Γ
3
e τICS.
Thus, if the ICS rate is indeed inhibited by a−3 in the
strong-wave regime (a  1; Lyubarsky 2019) we finally ob-
tain
τICS
a,Γe1−−−−−−→ τICS
(
Γe
a
)3
. (C2)
Thus, to the extent that electrons or positrons are acceler-
ated away from the shock by the FRB to Γe ∼ a (see Fig. 8
and discussion in Appendix B), the effective ICS scattering
rate (∼ optical depth) would be unchanged with respect to
the standard expression (which assumes a  1 and Γe ≈ 1).
We conclude by clearing up a potential misconception
about the applicability of ICS attenuation in our model.
The intrinsic SED of the synchrotron maser at frequen-
cies above the peak νpk approximately obeys Fν ∝ ν−2
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(e.g. Plotnikov & Sironi 2019), in which case it would seem
that ICS down-scattering would not appear to take place
since τICS ∝ ∂/∂ν(Fν/ν) < 0 at ν & νpk. However, note
that, just below the peak frequency the SED does obey
∂/∂ν(Fν/ν) < 0 and therefore scattering will be highly ef-
fective since τC(νpk)  1. As low-frequency photons in the
beam are attenuated by ICS moving out radially through
the external medium, the value of νpk will increase, and
thus the frequency range over which ∂/∂ν(Fν/ν) < 0 is satis-
fied and ICS can take place will increase. This justifies our
use of equation (C1) with ∂/∂ν ∼ 1/ν as a rough approxi-
mation to the true optical depth at all frequencies (uncer-
tainty introduced by the intrinsic shape of the SED, which
depends on the magnetization and temperature of the up-
stream medium, is likely to enter at a comparable level).
More work is needed to assess the detailed effects of ICS on
the emergent photon spectrum.
APPENDIX D: PULSAR WIND AS UPSTREAM
MEDIUM
In what follows we consider whether material from a
rotationally-powered wind from the magnetar, acting con-
tinuously in between the magnetic flares, could provide a
suitable upstream environment for the FRB shocks (as an al-
ternative to baryon loaded shells). The rotationally-powered
wind would form a termination shock after colliding with the
external baryon-loaded shell and the pairs would collect in
a layer separating the magnetar from the inner edge of the
shell. Assuming an external homologously-expanding con-
fining medium of density nsh (see eq. 10), the radius of the
nebula inflated by the wind of luminosity Lsd in the time
twait between flares may be approximated as (e.g. Chevalier
2005)
Rn ∼
(
Lsdt3wait
nshmp
)1/5
(D1)
≈ 2.7 × 1012 cm
(
tage
30 yr
)−2/5
B−2/5d,15
( twait
100 s
)3/5 ( nsh
104 cm−3
)−1/5
,
where in the second line we have substitute in the spin-down
luminosity of the magnetar of age tage,
Lsd ≈ 2.5 × 1036
(
tage
30 yr
)−2
B−2d,15 erg s
−1, (D2)
where Bd = Bd,15 × 1015 G and tage are the surface dipole
magnetic field and age of the magnetar, respectively. We
assume the magnetar age is much greater than the initial
spin-down time tsd,0 = 114 s B−2d,15P
−2
0,ms, where P0,ms is the
birth period in milliseconds.
The characteristic scale for particle loss in a rotationally
powered wind is given by the Goldreich & Julian (1969) flux,
ÛN± ≡ µ±
(
I
e
)
∼ 3 × 1043 s−1
(
µ±
103
)
Bd,15P
−2
ms,
≈ 3.6 × 1036 s−1
(
µ±
103
)
B−1d,15
(
tage
30 yr
)−1
(D3)
where I ≡ 4picR2LηGJ

RL
and ηGJ ≈ ΩB/2pic is the Goldreich-
Julian charge density evaluated at the light cylinder radius
RL = c/Ω ' 48Pms km and µ± is the pair multiplicity of the
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Figure D1. Number of required electrons Ne swept-up by the
shocks producing the observed FRBs in the sample of Gourdji
et al. (2019) assuming fe = µ± = 103 (yellow crosses; eq. D6).
This number should be compared with the number of pairs in-
jected between successive bursts by a rotationally-powered wind
(eq. D5). Black squares show the latter taking the pair loading
scaled to the Goldreich & Julian 1969 flux (eq. D3), while red cir-
cles show the pair loading model of (Beloborodov 2019; eq. D4),
each calculated for µ± = 103, Bd = 1015 G and tage = 30 yr. For fidu-
cial parameters N±  Ne indicating that the upstream medium
cannot be supplied by a rotationally-powered wind.
wind. Beloborodov (2019) gives an alternative expression for
the pair injection rate from a young magnetar (their eq. 12)
ÛN± ∼ 3 × 1042 s−1
(
µ±
103
)
P−1msB
2/3
d,15
≈ 1 × 1039 s−1
(
µ±
103
)
B−1/3d,15
(
tage
30yr
)−1/2
. (D4)
In the final lines of eqs. (D3, D4) we have substituted
P ' 2.88 s Bd,15(tage/30yr)1/2 for the magnetar spin period
at times t  tsd,0 (e.g. Metzger et al. 2015). The total num-
ber of pairs injected between baryon flares may therefore be
estimated as
N± = ÛN±twait. (D5)
Figure D1 compares N± to the number of electrons swept up
by the shock,
Ne =
4pi
3
ner3sh (D6)
≈ 1041
(
m∗
me
)1/3 ©­­«
min
[
fe,
mp
me
]
0.5
ª®®¬
2/3
f −2/3
ξ,−3 ν
1/3
600MHzt−3ε
2/3
40 ,
as implied by FRB 121102 bursts from the sample of Gour-
dji et al. (2019), assuming an “optimistic” scenario where
the upstream is pair-dominated by the magnetar wind, i.e.
fe = µ± = 103 (yellow crosses). The number of pairs N±
(eq. D5) that can be supplied by a Goldreich-Julian wind
(eq. D3) or a wind as prescribed by (Beloborodov 2019,
eq. D4) are shown as black squares and red circles, respec-
tively.
Figure D1 illustrates that the required upstream elec-
trons cannot be fully provided by the rotationally-powered
MNRAS 000, 1–19 (2019)
18 Margalit, Metzger, & Sironi
wind unless (µ±/103)B−1d,15(tage/30yr)−1 & 104 for a Goldreich-
Julian wind, or (µ±/103)B−1/3d,15 (tage/30yr)−1/2 & 102 for the
Beloborodov (2019) model. If µ± ∼ 103 is a reasonable value
for the pair multiplicity then the latter would require an
exceedingly weak magnetic field or young source age to be
dominated by a rotationally-powered wind. This supports
the hypothesis that the upstream medium in our scenario
is set by baryon-loaded shells ejected between major flares.
Note, however, that we have here assumed that the relevant
timescale for pair-pollution of the ion-shells is the wait time
between adjacent bursts, twait ∼ 102 s, however — if the rel-
evant timescale is instead determined by the time between
major shell ejections, ∼ ∆T ∼ 105 s, then the the estimate of
N± should be increased by a factor ∼ 103 (eq. D5) in which
case the Beloborodov (2019) model may indeed provide suf-
ficient pairs.
As pointed out by Beloborodov (2019), one concern in
invoking material from the relativistic, rotationally-powered
pulsar wind as the source of the upstream medium is that
the pairs, once shock heated at the termination shock, would
be too hot to generate synchrotron maser emission (Babul &
Sironi, in prep). We check this assumption here by consider-
ing whether the shocked pairs will have time to radiatively
cool in the interval twait between flares.
Consider first cooling due to synchrotron radiation. The
magnetic field strength of the wind, just upstream of the
termination shock, is approximately
B |Rn ≈ 13 G B−1d,15
(
tage
30yr
)−1 ( Rn
1012cm
)−1
, (D7)
where we have used Lsd = (B|2Rn/8pi)c × 4piR
2
n and eq. (D2).
Pairs immediately behind the wind termination shock will
cool, in a timescale twait, to a Lorentz factor
γc,syn ≈ 6pimecσTB |2Rn twait
≈ 4.6 × 104B2d,15
(
tage
30 yr
)2 ( Rn
1012 cm
)2 ( twait
100s
)−1
≈ 3.4 × 105
(
tage
30 yr
)6/5
B6/5d,15
(
twait
100 s
)1/5 ( nsh
104 cm−3
)−2/5
(D8)
Typical values of Bd and tage give γc,syn  1 , in which case
the pairs will still be relativistically hot by the time of the
next shock.
Another, potentially more important, cooling source is
Compton scattering by photons generated by the shock’s
incoherent synchrotron radiation. As discussed earlier, each
FRB-producing shock will generate a pulse of photons of
total energy ∼ Eflare and duration δt with a peak energy
hνsyn (eq. 13) in the optical or X-ray range if the upstream
medium is highly loaded in e−/e+ pairs ( fe  1). Provided
that hνsyn  mec2/γ± ∼ 1 keV (γ±/103)−1, where γ± is the
Lorentz factor to which synchrotron radiation has already
cooled the pairs (eq. D8), then Klein-Nishina corrections to
the electron scattering cross section are negligible. Inverse
Compton scattering by this photon pulse — passing through
the upstream electrons over a timescale δt — will then cool
them to Lorentz factor
γc,IC ≈ 3mec4σTUphδt
≈ 6pimec
2
Eflare
R2n
σT
(D9)
≈ 1.7E−1flare,44
(
tage
30 yr
)−4/5
B−4/5d,15
( twait
100 s
)6/5 ( nsh
104 cm−3
)−2/5
,
where Uph = Lsyn/(4piR2nc) is the energy density of the
synchrotron photons at the termination shock, Lsyn '
(0.5Eflare/δt) is the peak synchrotron luminosity (acting over
time δt), and in the final line we have used equation (D1)
for Rn.
Equation (D9) shows, that for magnetars which are suf-
ficiently old or strongly magnetized Bd & 1015 G, a particu-
larly energetic flare Eflare & 2×1042 erg could act to cool the
nebula pairs to mildly relativistic thermal velocities γ . 1,
generating the cold upstream medium required for the oper-
ation of the synchrotron maser. If such energetic flares were
required to occur after every burst to keep the immediate
upstream cold, this would strain the energy budget of the
magnetar engine. On the other hand, if such powerful cooling
flares a rare, a large enough reservoir of “cooled” electrons
could be maintained to allow for efficient maser emission.
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